[P l a t es 1, 2]
I n t r o d u c t io n
In some previous experiments (Schmidt and Milverton 1935) a layer of water between two horizontal plates was slowly heated from below. The critical temperature difference at which the water began to move was found from a change in the slope of the curve relating the difference of temperature between the plates and the rate of supply of heat to the lower plate. An optical refraction (Saunders and Fishenden 1935) method was also used for finding the critical condition, and the results found by the two methods agreed and conformed to a theoretical formula of Jeffreys (1928) within the limits of experimental error.
The present experiments were undertaken to find whether any change in the type of motion occurs at higher temperature differences, and also to study further the vertical and horizontal temperature gradients in the moving fluid using the optical method. It was also thought of interest to perform experiments with air instead of water. An improved apparatus was used, in which the downward heat loss from the lower plate could be measured, so that the actual heat transfer between the plates could be found.
D e s c r ip t io n o f a p p a r a t u s
The apparatus consisted essentially of two square brass plates supported horizontally one above the other. The plates were supported separately by glass rods, glass being used as it has approximately the same thermal con ductivity as water. The bottom plate was heated electrically whilst the top plate was cooled by water flow. The temperatures of the opposing surfaces of the plates were measured by embedded thermocouples.
The bottom plate A (see fig. 1 ) measured 9 x 9 x fin., and had a thermo couple (not shown in figure) embedded in a deep groove cut along its under surface, the junction being situated just below its upper surface and approxi mately at the centre of the square face. The plate was held by five fibre
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screws to an ebonite slab B, § in. thick, with a heating coil of resistance tape sandwiched between. Thin sheets of mica were used to insulate the heating coil on either side, and these were allowed to project about fin. all round the edge of the plate. By dipping the projecting edges in molten paraffin wax and afterwards scraping away the excess wax flush with the upper surface, the plate was thermally insulated at the edges and at the same time
made watertight. Pairs of embedded thermocouples gave the temperatures of the two surfaces of the ebonite at three positions (not shown in the figure) from which the mean rate of conduction of heat through the ebonite could be estimated with sufficient accuracy. The whole was supported on three glass rods fixed to a wood base. All electrical leads passed through plugs on the underside of the ebonite and through watertight rubber tubing. The top plate C measured 12 x 12 x fin. and had an embedded thermo couple similar to that in the bottom plate at its centre, and a copper cooling coil D soldered to its upper surface. Brass bars, E and F, of inverted U section, were also attached by screws S to its upper surface, and projected a short distance beyond the edges of the plate, at the positions H and I. The plate was supported by three vertical screws passing downwards through threaded holes in the bars at G, H and with their tips resting on three brass caps fitted over glass rods fixed to the wood base. The height and level of the plate could thus be adjusted by the screws.
Both plates had flat surfaces, finished by scraping and testing on a surface plate, and their distance apart when in contact varied from point to point by less than 0-01 cm.
The whole apparatus stood in a tank with vertical glass sides. In the experiments with water the tank was filled to a level just above the under surface of the top plate. E x p e r im e n t a l p r o c e d u r e
In an experiment, after levelling the bottom plate by adjusting three screw-jacks supporting the tank, three conical distance pieces of height equal to the required distance between the plates were placed on the bottom plate. The top plate was then lowered, by means of its supporting screws, until it just rested on the distance pieces. After noting the positions of the adjusting screw heads, the top plate was raised by turning them slightly, so that the distance pieces could be removed, and the plate was returned to its previous position. At the beginning of an experiment the water in the cooling coil attached to the top plate was at the same tempera ture as the fluid in the tank. The heating current was switched on and, after waiting 45min., which was found to be long enough for the flow of heat to become steady, temperature readings were taken. The current was then given its next value and the proceedings repeated. The results of four experiments are given in Table I , in which d, is the distance between the plates, C is the measured current, 02 and surfaces of the top and bottom plates respectively, and 0Xe and are the mean temperatures of the upper and lower surfaces of the ebonite. The resistance of the heating coil was 38-0 ohms, and was constant within \ % over the range of temperatures used; thus the total heat supplied in unit time to the lower plate was proportional to 2.
D is c u s s io n o f r e s u l t s
The results from Table I are plotted in fig. 2 , the co-ordinates being the square of the heating current and the temperature difference between the Note. The zero of the C2 scale has been displaced upw ard 1*5, 2-0, 2-5 and 3*0 units for d = 0*5, 0-8, 0-9, 1*0 and M -cm .
plates. It will be seen that each curve has a change in slope at a critical temperature difference, which decreases when the distance apart is in creased. No allowance has been made in fig. 2 for the heat which passes downwards through the ebonite, which amounted to about one-sixth of the total heat supplied to the bottom plate; for the purpose of detecting changes in the slope of the curve relating the heat transfer and the tempera ture difference between the plates, it was found unnecessary to correct for the ebonite loss. Table II shows the values of A = agc(61-6 2) (Jeffreys 1928) corresponding to each of the critical temperature differences. In this expression g is the acceleration due to gravity; a, c, v and k are respectively the expansion coefficient, the specific heat per unit volume, the kinematic viscosity and the thermal conductivity of the water, taken at the mean of the temperatures of the two plates. The results for d = 0-8, 0-9, 1-0 and T 1 cm. appear to indicate a change in the type of motion at a critical value of A equal to about 45,000. The use of the optical method, which will be described later, confirms this, and shows that the steady cellular motion, which occurs at lower values of A, breaks down at about A = 45,000 and turbulent motion begins, in which the water temperatures fluctuate with time.
the motion of a flu id heated fro m below
The first appearance of cellular motion, which was the subject of investi gation in a previous paper (Schmidt and Milverton 1935) , occurs at tempera tures below the smallest experimental values in Table I . For 0*4 and 0-5 cm., however, the change of slope is clearly shown in fig. 2 , the corre sponding critical values of A being 1800 and 1700 respectively (see Table II ). This agrees with the results in a previous paper. It is to be noted that the change of slope at 1700 is sharper than that at A = 45,000. It was thought unnecessary to give detailed results for d = 0-4 and 0-5 cm. in Table I , since these experiments are repetitions of those already given in the paper referred to.
Results for heat-transfer with water The mean rate of heat loss through the ebonite beneath the bottom plate was calculated for each experiment, assuming a value 0*00042 cal./cm. °C. sec. for the conductivity of the ebonite, and subtracted from the total energy supplied. Thus H, the rate of heat transfer per unit time per unit surface area of the bottom plate was found, neglecting edge losses from it. The results obtained are given in fig. 3 Light from a carbon arc, placed 13 m. away from the centre of the fluid layer, in a direction parallel to one of the sides of the plates and in the same horizontal plane as the layer, passed through the fluid and was intercepted by a screen some distance away on the opposite side. Negative photographs of the image so formed were taken by placing specially sensitive negative cards over the screen and exposing for about 2 sec.
Since the refractive index of the fluid decreases with increase of tempera ture, the light is bent upwards in passing through the layer. Let x, y, z, denote distances measured parallel to the horizontal sides of the square plates bounding the layer and perpendicular to them, respectively. All rays from the source, which pass through the layer, may be regarded as entering in the direction of the ir-axis. If the angular deviation is everywhere small, the small angle made with the xy plane by a ray on leaving the layer is approximately proportional to the mean 2-gradient of refractive index taken along its path. This angle may be found from the vertical displace ment of the image from its position when the temperature of the layer is uniform. Similarly, the displacement of the image parallel to y is approxi mately proportional to the mean y-gradient of refractive index taken along the path of the ray. Further, assuming the refractive index to vary linearly with temperature, as was approximately true in the present experiments, these displacements measure the corresponding mean gradients of tem perature.
A number of negative photographs are shown in figs. 4 and 5, the appro priate values of d, dx -02, A, and l, the distance between the arc and the apparatus, being given. The shaded lines at the edges of the photographs show the positions of the images formed by the light when the temperature is uniform.
Results for water by the optical method The negative photographs for water are shown in fig. 4 , Plate 1. Photograph (a). By means of a screen containing three horizontal slits placed between the arc and the apparatus, light was admitted only within small distances of the top surface, the mid-plane, and the bottom surface, of the layer, respectively. When the given temperature difference was applied, the photograph shows that the light passing through the middle slit is practically undeflected vertically, except near the edges, while the light from both the top and the bottom slits is deflected upwards, the deflexion varying periodically with distance across the width of the photograph. The maxima of vertical deflexion of the light from the bottom slit occur immediately above the minima of vertical deflexion of the light from the top slit; these positions indicate where the cooled liquid is descending. The image formed by the light from the top slit lacks some of the rays which entered the layer close to the top surface, which are either absorbed or reflected by the surface; this accounts for the average deflexion of the light from the top slit being apparently less than that of the light from the bottom slit.
The absence of vertical deflexion of all rays passing near the mid-plane shows that the vertical temperature gradients are negligible everywhere on this plane. The transfer of heat across this plane must therefore be practically all by convection.
Photographs (6) and (c). When obtaining these photographs light was admitted to the whole gap between the plates. The image when the layer was at a uniform temperature thus consisted of a wide band, whose position is shown at the side. The characteristic features are the bright vertical patches, whicfli are more marked in (6) tha n in (c) owing to the greater distance between the layer and the screen and the correspondingly sharper focussing. They occur at the same positions as the maxima of the vertical deflexion of the light passing close to the bottom surface, which forms the second wavy line from the top. This is to be expected since the light is deflected hori zontally towards the positions where the cooler fluid is descending. There are no vertical patches in photograph (a) because the temperature gradients are smaller than in (b) or (c), despite the larger value of A.
In (a) there are eleven cells, and in (6) and (c) twenty-two cells, within a horizontal length of 22-9 cm.; hence the horizontal lengths of the sides of the cells are 2-1 and 1-0 cm., respectively, i.e. approximately twice the distance between the plates. It was generally found that when the cellular
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1-1 cm., A = 130,000, 6 , -6 , = 4-0° C., I = 500 cm. In (b) and (c), unlike (a), the bottom parts of the images, which correspond to rays passing near the mid-plane, show considerable vertical deflexion, proving that there are considerable vertical temperature gradients across the mid-plane. Since the value of A in (6) and (c) is lower than that in it appears that as the motion develops with increasing A, the vertical tem perature gradients across the mid-plane decrease, and therefore less con duction takes place across the mid-plane. This is well shown, although it was not appreciated at the time, in fig. 4 , photographs (c), (d), (e) of the previous paper to which reference has already been made. These photo graphs were obtained with circular plates, and the vertical deflexion thus varies from a maximum at the middle of the photographs to zero at the edges on account of the varying length of path within the layer; but it will be seen that the bottom of the image in (e)is straighter than th turn straighter than that in (c); the corresponding values of A increased in the order (c), (d), (e) . Photographs (d) and (e). These photographs were taken when the fluid was in turbulent movement, with an exposure of 1 sec. In the left half of each photograph the light entering the layer was limited to eleven vertical slits 0-2 cm. wide and 1-0 cm. apart. In the right half of each photograph 110 vertical slits were used and the vertical lines in the image are due to refraction in the fluid. Further, in (d) the light entering the layer was restricted to the lower half of the gap between the plates, the light entering the upper half being cut off by a screen. In each case the image formed when the fluid temperature was uniform thus consisted of a broad horizontal band, whose position is shown at the right of each photograph, the band being interrupted by the vertical slits in the left half of each photograph and appearing as a series of short vertical lines. Disregarding the turbulent change between the two exposures, (e) thus consists of (d) together with the image formed by the light entering the upper half of the gap, some of which is reflected from the top plate and can be seen faintly at the bottom of (e). As before the bottom parts of the images are formed by light entering near the mid-plane, and these show that the vertical temperature gradients are practically negligible on this plane except near the edges. From the left Vol. CLXV. A. * halves of the photographs it is seen that the horizontal displacements, which are proportional to the horizontal temperature gradients, are small at the top and the bottom, which correspond to rays passing respectively near the plates and near the mid-plane, but are larger at intermediate positions.
When the image was observed on a screen it was seen that the tops and bottoms of the vertical lines in the left half of each photograph remained practically stationary while the intermediate parts continually moved from side to side. A typical bow-like shape of line is seen just to the left of the middle of each photograph. The periodic time of the fluctuations could not be said to be at all definite, but was of the order of one second.
The appearance of vertical lines in the right halves of (d) and (e) is due to focusing of light by horizontal deflexion towards descending columns of cooled water. These lines continually shifted about. Their general bow-like shape can be explained in a similar manner to the lines in the left halves of the photographs.
Results
for air by optical met The rate of change of refractive index with temperature is smaller for air than for water, but by increasing the distance between the apparatus and the screen, it was found that the optical method could be used satis factorily. The experiments were carried out with the same apparatus and experimental arrangements as for water, but it was found necessary to enclose the gap between the plates by vertical glass walls in order to get any image at all, presumably because air in cellular motion is more sensitive than water to disturbances outside the layer. Fig. 5 , Plate 2 shows the image obtained for four different conditions. In every case the apparatus was 13 m. from the arc, and the image 17 m. from the apparatus. The temperature of the top plate was about 21° C., and the exposure times were all about 1-5 sec.
In (a), (6) and (d) the light entering the layer was restricted to within 0-3 cm. of the bottom plate. In (c) the light was admitted over the whole gap between the plates. The images formed when the air was at a uniform temperature thus consisted of straight horizontal bands, at positions indicated at the sides of the photographs.
Photograph (a). Cellular motion is clearly indicated, there being eleven cells, the same number as for water with the same distance apart of the plates.
Photograph (b) . Cellular motion is again indicated, but the image was observed to change slightly with time. The number of cells remained the same, but whereas in the photograph the wavy line is better defined in the right-hand side of the picture, after half a minute or so the left-hand side would probably show better definition. It was not possible to observe a definite time period in the movement of the image.
Photograph (c). This was taken for conditions similar to those of (6), and shows similar features to fig. 4 for water.
Photograph ( d)
. When this was taken the motion had become turbulent and the image was moving about all the tim e; it will be seen to have moved during the 1*5 sec. exposure. The vertical deflexion showed a general tendency to vary periodically across the horizontal width of the photograph but the "wave-length" was rather greater than for the earlier stages of the cellular motion, in which there would be five or six complete cells for this value of d.
A large number of photographs similar to figs. 4 and 5 were taken for different conditions and the following conclusions were drawn.
For low values of A the appearance of the image with air was similar to that with water at the same value of A. With air, as with water, the image first showed cellular motion when A was just under 2000. With air the image showed first signs of unsteadiness at about A = 5000, the movement becoming more marked as A increased; the number of cells remained the same but they showed a tendency to shift in position. With water, on the other hand, the image was fairly steady until A equalled about 45,000 when turbulence set in more or less suddenly. With air the turbulent movement developed more gradually, and at A = 45,000 the amount of turbulence was very roughly the same as with water shortly after turbulence first appeared.
The first appearance of cellular motion in air when A equals about 2000 is, of course, in agreement with*the theory.
The experimental result that turbulence develops at about the same value of A (45,000) for both air and water is of interest. Although this condition has not been studied mathematically, an examination of the equations of motion of the fluid, which must involve the inertia terms, indicates that the critical conditions should depend upon both A and
Since the values of k(cv appropriate to the experiments were mately 1-3 for air and 0T4 for water, the above result appears to indicate that the amount of turbulence depends mainly on A.
Attempts to detect changes of motion of the air by plotting the heat supplied to the lower plate against the temperature difference between the plates were less satisfactory than for water, the change of slope being more difficult to locate.
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Su m m a r y
If a horizontal layer of fluid, initially at rest, is heated from below, instability and cellular motion set in when A (= is about 1700. Experiments for several layer depths show that on further heating the layer becomes completely turbulent at about A = 45,000. Observations by an optical method indicate that in the case of water the turbulence develops suddenly, but that in air the transition is more gradual,.the first signs of turbulence occurring at about A = 5000. The rate of heat transfer is measured at each stage, and the increase at the change from cellular to turbulent motion is found to be less than that at the change from equilibrium to cellular motion.
In the cellular motion the length of the horizontal side of a cell is found to be twice the layer depth. The vertical temperature gradients at positions on the plane midway between the boundary surfaces decrease progressively to negligible values as the motion develops with increasing A.
In the turbulent motion the fluctuating vertical temperature gradients are very small on the mid-plane. The horizontal gradients are very small on the mid-plane, but have maxima at positions between the mid-plane and either boundary surface.
